Abstruct-The universal behavior of electron mobility when plotted versus the effective field is physically studied. Due to charged centers in the silicon bulk, the oxide, and the interface, Coulomb scattering is shown to be responsible for the deviation of mobility curves. Silicon bulk-impurities have a double effect: (a) Coulomb scattering due to the charge of these impurities themselves, and (b) reduction of screening caused by the loss of inversion charge when the depletion charge is increased. The electric-field region in which mobility curves behave universally regardless of bulk-impurity concentration, substrate bias, or interface charge has been determined for state-of-the-art MOSFETs. Finally, this study shows that electron mobility must be a function of the inversion and the depletion charges rather than a simple function of the effective field.
Universality of Electron Mobility Curves
in MOSFETs: A Monte Carlo Study
I. INTRODUCTION T has been experimentally demonstrated that, when plotted
I as a function of the effective transverse field, electron mobility in semiconductor inversion layers follows a universal curve independent of the bulk-impurity concentration and substrate bias [ I]-[8] . This relationship is of great interest from the point of view of device modeling and simulation. However, no physical explanation has ever been given for this universal behavior of mobility, and so its justification remains empirical. It is nevertheless also well known that charges at the interface or in the oxide affect inversion-layer mobility, reducing its value and separating the curves for different interface-charge concentrations at low transverse electric fields [9]-[ 121. Even for unstressed samples (very low interface and oxide-charge concentration), however, a significant deviation from the universal curve is produced at low effective fields for different bulk-impurity concentrations or when a bias is applied between the source or drain contacts at the semiconductor surface and the substrate of the semiconductor [9] , [13]-[15] . In all cases, the universal behavior is maintained in the higher effective field region, and the lower the bulk-impurity concentration for a fixed substrate bias (or the lower the substrate bias for a fixed bulk-impurity concentration), the lower the effective field where the deviation from the universal curve is produced [2] . Finally, modem technology employs non-uniform doping in the channel, which causes the mobility to deviate considerably from universal behavior.
All the above experimental results prove the importance of Coulomb scattering as a factor responsible for the deviation of mobility curves from universal behavior. This deviation is attributable to the greater oxide-or interfacecharge concentration in stressed samples, and to the greater depletion-charge concentration in samples with different bulkimpurity concentrations or substrate biases. The effect of the depletion charge on electron Coulomb scattering is not only due to the Coulomb interaction between electrons in the inversion layer and ionized impurities in the depletion layer [9] . It is also due to a screening reduction in the Coulomb interaction with the oxide and interface charges. We provide for the first time a quantitative study of these two effects, showing the relative importance of each. As will be proved, this study is very interesting from the point of view of device reliability.
We present a detailed study of the universal behavior of electron mobility when plotted versus the effective field, and determine the limits of the electric-field region in which mobility has no dependence on bulk-impurity concentration, substrate bias, or interface-charge. To do so, the effects that: i) the interface and oxide charge, ii) the silicon-bulk-impurity concentration, and iii) the substrate bias have on the electron mobility are carefully analyzed. We apply a Monte Carlo simulation [ 161 in which the electrons are considered to form a quasi-two-dimensional electron gas [ 171-[20] , the validity of which we have already proved by reproducing experimental results [21]- [24] . A Monte Carlo study is specially indicated in this case since it not only allows the parameters of the device to be precisely controlled, but also provides information of great importance for device production and modeling that is unavailable experimentally. It does so by permitting the separation of effects that can not be isolated in the experiment [251, P61.
The Monte Carlo simulation clearly shows that in order to reproduce the universal behavior, Coulomb scattering must be removed, and that therefore, it must be the only factor responsible for the deviation of the curves. In addition, the simulation demonstrates the double influence of bulk-impurities on the mobility, the first of which is due to the Coulomb interaction with the electrons, as has been previously reported [9]. Furthermore, however, there is a second influence due to the effect that the amount of charge in the depletion-layer has on the inversion-charge concentration (and thus on the screening of charged-centers by mobile electrons) for a fixed effective field. Finally, we will show that Coulomb scattering also leads to a universal curve when mobility is plotted versus the inversion charge rather than the effective field. Reference 13 also reached this conclusion, but by different means.
MONTE CARLO SIMULATION
The effective mobility has been obtained by the one-electron Monte Carlo procedure described below [21] : Electrons in the MOSFET channel have been treated as a quasi-twodimensional electron gas contained in energy subbands. The position of the subband minima and the electron concentration in each of them were obtained by the self-consistent solution of the Poisson and Schroedinger equations for each value of the effective transverse electric field [19] , [20] . The simulation begins with an electron in a given subband and with a wave vector ko. The longitudinal electric field modifies the electron wave vector according to the semiclassical model. The history of the electron is divided into different subhistories, and each subhistory is continued until the effective scattering events exceed 25000 to obtain good convergence for the electrondrift velocity. The number of subhistories considered is that necessary for the standard deviation of the velocity data to fall below 5% of the final mean value. The average drift velocity is calculated in this way for several values of the longitudinal electric field, and the low-field effective mobility is obtained by extrapolating to zero electric field. We have chosen a range of the longitudinal field high enough to allow the calculation without such an excessive number of subhistories as to make the simulation impractical, and low enough to avoid heating of the electrons.
In our Monte Carlo procedure we have allowed the electron to travel in six subbands and to move between them [21], [22] . In addition, we have considered phonon [16] , [26] and surface-roughness [ 171, [28] scattering. Phonon scattering mainly causes one of two types of electron transitions: (a) intravalley acoustic transitions and (b) intervalley transitions, both of which have been adapted from their treatment in silicon bulk for use in Si( 100) inversion layers. The phonon-scattering rates have been deduced by using Price's formulation [27] . The intervalley transitions are described both via zero-order coupling in Jacoboni's bulk phonon-model [ 161. Expressions for the phonon-scattering rates can be obtained from [29] . In accordance with [26] , we have not taken into account the effect that screening may have on phonon scattering, since unscreened models give reasonably good results. Surfaceroughness scattering has been considered in Ando's approach with a Gaussian model dependent on the spectral distribution of roughness at the interface. The Gaussian model has been widely used in the literature [ 171, although it has been proved [30] that other models (with perhaps a greater physics ground) such as the exponential one provide the same results as the Gaussian model. An improvement of our surface-roughnessscattering model could perhaps be achieved by introducing screening. Nevertheless, this would not modify the conclusions of this paper at all, because roughness scattering affects mobility at high transverse electric fields where the contribution of the depletion charge to the effective field is very slight. Therefore, modification of the doping concentration or substrate bias barely affects the inversion charge and therefore the screening. In any event, the main validity test of our simulation is the fact that we have achieved good agreement with experimental results in a variety of situations, some of which will be shown below [21]-[23] .
COULOMB-SCATTERING MODEL
Coulomb scattering is essential in this study on the universal behavior of electron mobility. We have therefore developed a comprehensive Coulomb-scattering model in semiconductor inversion layers (which can be found in [21] ). A brief description of this model is given below.
The transport properties of an electron in a semiconductor inversion-layer are modified by the presence of charged centers (both silicon bulk-impurities and oxide charges) near the SiSi02 interface [3 ll-[34] . The charged-center distribution is conceptually divided into two-dimensional sublayers parallel to the interface, Az, being the thickness of the tth sublayer, zt the center of that sublayer, and Nt the two-dimensional charge concentration. The Coulomb-scattering rate for an electron of wave vector k in the ith subband is then given by [21] :
where correlation of the charged centers has been included. lMii)(Q, zt)I2 is the squared matrix element for the interaction between an electron in the ith subband and a point charge located in the z = zt plane. Ct is a parameter which is a measure of the degree of charged-center space correlation [21] , [23] , and 5 1 is the first-order Bessel function. The electron wavevectors before and after scattering are related according to Q = k' -k, and 0 is the angle between k' and k.
I v . RESULTS AND DISCUSSION

A. Universal Behavior
Electron mobility in semiconductor inversion layers is affected by different scattering mechanisms. Knowledge of the relative degree to which these mechanisms participate in the final effective mobility is essential in order to obtain an improved semiempirical model of the mobility for application in circuit simulation [5] , [6] , [12] , [35] . One way of physically determining the effects that the oxide and interface charges, the bulk-impurity concentration, and the substrate bias have on electron mobility and its universal behavior is through studying how these factors affect scattering mechanisms. To do so, we have calculated different mobility curves versus the transverse effective field in different conditions. Mobility curves for different bulk-impurity concentrations and different substrate biases are shown in Fig. 1 . In all these curves, bulk impurities have been included in the self-consistent solution of the Poisson and Schroedinger equations [19] , [20] , thus affecting the potential distribution, the energy of the subbands. and the electron concentration. Nevertheless, Coulomb scattering has not been considered. This separation is not possible experimentally, thus making the Monte Carlo method one of the best for dealing with this problem. It is observed that, when plotted as a function of the effective electric field, all the curves coincide regardless of bulk-impurity concentration and substrate bias. This does not happen when the mobility is plotted versus other magnitudes such as the surface potential or the surface electric field. This means that phonon and surface-roughness scattering are not affected by bulk-impurity concentration or by substrate bias. These facts can be physically explained as follows: if only the ground subband is occupied, it can be demonstrated that the surfaceroughness scattering rate is proportional to the effective field [28] . Although at room temperature there is generally more than one subband occupied, surface-roughness scattering only becomes important at high effective fields [21], where most of the inversion-layer electrons are trapped in the ground subband [ 191, [20] . Therefore, surface-roughness scattering within the inversion layer is a function of the effective field independent of the doping concentration or the substrate bias. Phonon scattering has been shown to depend on the subband structure of the inversion layer. The use of the effective field "scales away" the difference between the effects of substrate doping and bias on the subband structure. We have observed that if the contribution of the electrons in a subband to the total energy of the electron gas is plotted versus the effective field for different bulk-impurity concentrations and substrate biases, a unique curve is obtained. All the above demonstrates that the contribution of phonon scattering to the electron mobility at room temperature may be described as a function only of the effective field regardless of substrate doping and bias. However, when a charge concentration is considered to be in the oxide or at the interface, and the effects of the impurities distributed in the bulk are taken into account, a significant deviation occurs from the universal curve of Fig.  1 , which is larger as the effective field decreases. Therefore, Coulomb scattering is the only cause for this deviation. How the different features that affect Coulomb scattering contribute to this deviation will be discussed in the sections below.
B. Charges at the Inteqace or in the Oxide
Charges at the interface or in the oxide can affect inversionlayer mobility. This can be gathered from experimental studies of mobility behavior in MOSFETs degraded by carrier injection (see [9], [12]). Figure 2 shows experimental mobility curves taken from [9] (solid line) versus the transverse electric field at room temperature after successive Fowler-Nordheim tunneling injection series. In this figure, a strong deviation of the curves in the low electric field region can be observed, while all the curves tend to coincide in the high field region, even in the case of the most degraded sample. We have reproduced the experimental mobility curves of different stressed samples with our Monte Carlo simulator (Fig. 2, symbols) . We chose these experimental curves because they have been obtained from a sample degraded by Effective Field (V/cm) to the expression T ; :~,~~~ c ( N;O,.g. The higher the effective field, the lower the scattering, due to a rise in the screening of the charged centers as mobile-carrier density increases.
C. Bulk-Impurity Concentration
The increase in bulk-impurity concentration reduces electron mobility at low transverse-electric fields [9] , [14] . This reduction increases as the bulk-impurity concentration does, which is expected from the rise in the bulk-impurity charge. So, if only a "rough" analysis were made, it would be concluded that bulk charges reduce mobility due to a simple Coulomb interaction, similar to the degradation produced by the charge increase at the interface. However, there are other effects that bulk impurities have on the electron mobility, which, depending on the conditions, can become much more important. The main effect is the modification of the screening of charged centers by the inversion layer, including centers in the oxide and at the interface, as well as ionized bulk impurities. On one hand, it is well known that Coulomb scattering is greatly reduced by the screening of charged centers by mobile carriers, and on the other, screening is greater as mobile-carrier concentration increases [ 171, [ 181, [211, [251, 1261, W I , [361. For a fixed effective transverse field, the depletion charge increases as the bulk-impurity concentration rises, thus decreasing the charge in the inversion layer. This behavior can be seen in Fig. 3 , where the inversion charge in a Si( 100) is plotted versus the effective field at room temperature for different bulk-impurity concentrations. The curves have been calculated by self-consistently solving the Poisson and Schroedinger equations for each value of the bulk-impurity concentration and the effective field. To illustrate the reduction of the screening, we have plotted the matrix element, Mii)(Q, 0), for the Coulomb interaction between an electron in the ground subband and a point unity charge located right at the interface (2, = 0), at room temperature for different bulk-impurity concentrations. This is shown in Fig. 4 , where it can be seen that the higher the bulk-impurity concentration, the higher the Coulomb interaction. In these curves, bulkimpurity concentration has only been taken into account to solve the Poisson and Schroedinger equations, but its effects as a scattering mechanism have not been considered; therefore, the charged-center concentration responsible for the Coulomb scattering is the same for all the curves in both figures. As a result, the rise in the scattering rate is only due to a decrease of screening as the bulk-impurity increases in each figure. A comparison of Figs. 4(a) and 4(b) also shows that the higher the transverse effective field, the lower the Coulomb-scattering rate. Figures 3 and 4 demonstrate that when the inversion charge is the same for the different bulkimpurity concentrations, the Coulomb interaction, and thus, the Coulomb-scattering rate also coincide. This latter fact suggests that Coulomb scattering is a function rather of the inversion charge than of the effective field. In order to quantitatively determine the importance of each of these effects on Coulomb scattering (and therefore on electron mobility) as the bulk-impurity concentration increases, we have considered each of them separately, and calculated mobility curves at room temperature. In all cases, a typical charged-center concentration of No, = 5 x 10 lo cmP2 is located right at the interface. To take into account the Coulomb interaction between bulk impurities and electrons in the inversion layer, we have considered only the charges placed at a distance closer than 200 A, from the interface [21] . We have assumed two charged layers located inside the bulk in the following two situations: (a) One layer located at 10 A, from the interface with a concentration of 2 x 10 -7 x N A cm-', and a second one at 110 A, with a concentration of 1.8 x 10 -6 x N A cmP2, N A being the bulk impurity concentration (expressed in ~m -~) .
(b) One layer at 20 A, from the interface with a concentration of 4 x 10 -' x NA cm-2, and a second one at 120 A, with a concentration of 1.6 x 10 -6 x N A cm-2.
We obtained mobility curves in the two situations above, and no differences have been observed between them. We can thus assume that mobility curves do not depend strongly on the way the bulk-impurity charge has been divided into sublayers. If a third layer is considered (to take into account the charge located at a distance greater than 200 A), minimal modifications are observed (< 3%). Nevertheless, if only one charged layer is considered, the curves obtained depend on the location of this layer. 5(a) shows the effects on the mobility of a charge located right at the interface for different bulk-impurity concentrations, neglecting the effect of Coulomb scattering due to bulk impurities. The relative deviation of the curves is only due to the reduction of screening as the bulk-impurity concentration increases, since the amount of charge responsible for the Coulomb scattering is the same in all the curves. Figure  5 (b), in contrast, shows the effects of the bulk impurities on the electron mobility assuming no charge either in the oxide, or at the interface. The observed deviation in the curves in this figure is now due to Coulomb scattering from charges in the silicon bulk.
Comparing Figs. 5(a) and 5(b), it can be seen that: (a) for low bulk-impurity concentrations, the main effect of bulk charges on the electron mobility is the reduction of the screening, thereby makmg the effect of the charges in the oxide very significant; (b) however, for higher bulk concentrations, Coulomb scattering by the bulk impurities becomes more significant, thus partially masking the effect the oxide charge has on the mobility. This is clearer in Fig. 6 , where the different contributions are shown for two bulk-impurity concentrations. In Fig. 6(a) , where the bulk impurity concentration is low, the effect of reducing screening is dominant. However, in Fig. 6(b) , where the concentration is higher, the Coulomb interaction due to the bulk impurities becomes the main effect that the bulk-impurity concentration has on the electron mobility, for the Nit considered. All these facts illustrate that, as a consequence of Coulomb scattering, it is not possible to obtain a universal relationship between electron mobility and the effective field in the entire field region. Nevertheless, it is still of interest to determine the effective-field region in which mobility behaves universally, regardless of the bulk-impurity concentration. To do this we have simulated mobility curves for different bulk-impurity concentrations, assuming a charge concentration of 1 x 10 l o cm-2 trapped right at the interface. The value of the effective field in which the actual mobility curves deviate from the universal behavior is found to be ruled by the relationship as a function of the bulk-impurity concentration. The higher the bulk-impurity concentration, the higher the effective field in which mobility curves begin to behave universally. Expression 2 has been obtained for a non-degraded sample. Obviously, for degraded samples the deviation of the curves is higher and the value of the effective field also increases.
D. Substrate Bias
If a substrate bias V s b is applied between the source or drain contacts at the semiconductor surface and the substrate of the semiconductor, such that the substrate is at negative potential with respect to the surface, the depletion-layer width increases, and so does the depletion charge 121. This change in the depletion charge is produced at great distances from the interface, generally farther than 1000 W. We have observed that only those charges placed at a distance closer than 200 A, from the interface affect mobility, so the modifications in the depletion charge due to a variation of the bias substrate do not modify the charged-center concentration responsible for the Coulomb interaction with electrons in the inversion layer. Nevertheless, for a fixed effective transverse field, this change in the depletion charge modifies the inversion charge and, therefore, the Coulomb interaction between electrons and the rest of the charged centers through a modification of the screening. Fig. 7 shows the inversion charge in a Si(100) inversion layer plotted versus the effective field at room temperature for different substrate biases. The higher the substrate bias, the smaller the concentration of electrons in the inversion layer. With regard to the rest of the scattering mechanisms, it has been proved that there is no modification as a consequence of substrate bias, as demonstrated in Fig. 1 . Fig. 8 gives mobility curves assuming a charge concentration of No, = 5 x 10 lo cm-' trapped at the interface, for several values of Vsb. The charge responsible for the scattering is the same for all the curves (the charge trapped at the interface), and differences are due to the different screening produced by the diminution of inversion charge as the substrate bias increases. All this illustrates that the mobility for different substrate biases does not reveal universal behavior when plotted versus the effective electric field, across the entire electric field region. Nevertheless, it is worthwhile determining the effective-field region in which the mobility behaves universally, regardless of the substrate bias. To do so, we have proceeded the same as with the bulk-impurity concentration: we simulated mobility curves for different substrate biases and assumed a charge concentration of 1 x 10 lo cm-' trapped right at the interface. The bulk-impurity concentration turns out to be N A = 9 x 10 l4 ~m -~. The value of the effective field in which the actual mobility curves deviate from the universal behavior behaves according to EEFF, min = (3 x lo9 + 1.575
as a function of the substrate bias. The higher the substrate bias, the higher the effective field in which mobility curves begin to behave universally.
E. Coulomb-Limited Mobility
As a consequence of Fig. 4 , we suggested that Coulomb scattering is a function rather of the inversion charge than a function of the effective field, for the same concentration where puniversal is the mobility assuming that Coulomb scattering does not exist, and PTotal the mobility taking into account all the scattering mechanisms. If we plot PCoulomb versus the effective field ( Fig. 9(a) ) for different substrate biases, we can see that the curves deviate at low electric fields due to the decrease in screening. But if we represent PCoulomb versus the inversion charge ( Fig. 9(b) ), a unique curve can be seen for the different substrate biases. (This coincidence does not occur in the case of different bulkimpurity concentrations as a consequence of the different charged-center concentrations.) Figure 9 (b) shows then that ,uCoulomb is a function of the inversion charge, while puniversal is a function of the effective field (Fig. 1) . This proves that the relationship between mobility and inversion and depletion charge is somewhat more complicated than assumed in models for circuit simulators.
V. CONCLUSIONS
It has been shown that when bulk-impurity concentration, substrate bias, and charge trapped at the interface are increased, surface-roughness and phonon scattering are not affected, while a rise in the Coulomb-scattering rate is produced mainly through the following mechanisms: a) An increase of the charged centers responsible for the scattering (interface charge and bulk-impurities).
b) A fall in the screening of these charged centers by mobile carriers (bulk-impurities and substrate bias).
Therefore, we have found that Coulomb scattering is actually the factor responsible for the deviation of mobility curves from universal behavior when they are plotted versus the transverse effective field. Therefore, as Coulomb scattering is very weak at high electric fields due to the increase in screening, the mobility behaves universally at high electric fields. The electric field region in which mobility curves behave universally regardless of bulk-impurity concentration, electron mobility in silicon-inversion layers," J. 
